Cord factor (trehalose 6,6'-dimycolate [TDM]), a mixture of 6,6'-diesters of x,a-D-trehalose with natural mycolic acids, has been described as having immunoregulatory and antitumor activities in vivo, although the relevant mechanisms of action remain unelucidated. In this work, we measured the effects of TDM on both mouse macrophage association with (i.e., the combined result of surface binding and uptake) and subsequent intracellular killing of Trypanosoma cruzi, the causative agent of Chagas' disease. Pretreatment of macrophage cultures with TDM for 16 h markedly increased both the ability of these cells to associate with T. cruzi and the rate of killing of parasites. The results obtained with macrophages treated with TDM after exposure to the parasites did not differ from those obtained with untreated macrophages, indicating that macrophage activation did not occur immediately after TDM treatment and was time dependent. The TDM effect was reversible since the extents of macrophage-parasite association and intracellular killing returned to normal levels 4 -h after TDM treatment. Neither catalase, which scavenges hydrogen peroxide, nor sodium azide or potassium cyanide, which are inhibitors of peroxidase activity, significantly reduced the level of trypanosome killing by TDM-treated macrophages. TDM also increased the uptake of glutaraldehyde-killed T. cruzi and latex particles, suggesting that TDM could act mostly by enhancing phagocytosis and that increased cell association with the living trypanosomes did not necessarily depend on the macrophages becoming more susceptible to parasite invasion. These results indicate that TDM modulates macrophage function by augmenting both internalization and intracellular destruction. Hydrogen peroxide and peroxidase activity, postulated to be involved in phagocytic killing of T. cruzi, did not appear to be an absolute requirement for the killing of T. cruzi in TDM-treated macrophages.
Macrophages play a dual role in infections caused by Trypanosoma cruzi, the unicellular parasite that causes Chagas' disease, because they not only contribute to host resistance mechanisms (3) but also can act as host cells for the parasite (2, 12) . Although the requirements for uptake and destruction of this organism by phagocytic cells have received increasing attention in recent years (reviewed in reference 5; 10, 16, 17, 19, 20) , mechanisms involved in the interaction remain largely unelucidated. The use of agents capable of modulating macrophage functions should facilitate exploration of the conditions and circumstances affecting macrophage interaction with T. cruzi. Of particular interest is cord factor (trehalose 6,6'-dimycolate [TDM] ), a glycolipid product isolated from mycobacteria, corynebacteria, and several other microorganisms (reviewed in references 6 and 7), because it has been shown to stimulate the uptake of bacteria by peritoneal macrophages in vivo (11, 18) , to stimulate certain macrophage functions (14) , and, more recently, to induce an enhancement of host resistance against T. cruzi infection in mice (L. L. Leon, M. Q. Da Cruz, B. Galvao-Castro, G. H. Soares, A. Oliveira Lima, and E. Lederer, Fifth International Congress of Immunology, Kyoto, Japan). We show here that TDM treatment enhances the ability of macrophages to associate themselves with virulent forms of T. cruzi in vitro as well as increases the rate of intracellular destruction of the parasites by mechanisms which do not necessarily involve oxygen-dependent cytotoxicity.
Macrophage monolayers. Peritoneal cells were obtained from unelicited 8-to 10-week-old Crl:CD-1 (ICR) BR Swiss mice (Charles River Breeding Laboratories, Portage, Mich.), as described in detail previously (19) . The cell suspensions were adjusted to contain 106 cells taking up neutral red dye per ml in minimal essential medium with Hanks salts (MEM; GIBCO Laboratories, Grand Island, N.Y.) containing 1.3 g of sodium bicarbonate per liter and supplemented with 100 U of penicillin, 100 ,ug of streptomycin per ml, and 10% heatinactivated fetal bovine serum (MEMS). Individual wells of Lab-Tek chamber slides (eight-well slides; Lab-Tek Products, Div. Miles Laboratories Inc., Naperville, Ill.) received 0.5 ml of the cell suspension and were incubated at 37°C in a moist atmosphere (5% CO2 in air) for 6 h. Nonadherent cells were then removed by washing the monolayers several times with MEMS. The monolayers consisted of >95% nonspecific esterase-positive cells with typical macrophage morphology.
Parasites. T. cruzi Tulahuen was used in this work. Blood was drawn from the retro-orbital venous plexus of etheranesthetized mice infected 13 to 16 days before with 105 parasites each by the intraperitoneal route. Circulating (trypomastigote) forms of the parasite were first purified by density gradient centrifugation over Lymphoprep (Nyegaard, Oslo, Norway) (1), followed by chromatography over a DEAE-cellulose column (9) . The 2.5 ,ug of TDM per ml was added to separate sets of triplicate cultures, which were incubated for an additional 24 h and then fixed as described above. All cell monolayers were then stained with Giemsa, and not less than 200 randomly selected cells were examined microscopically (x 1,000). Measurements made immediately after removing the nonbound para- sites and at 24 h after their removal are referred to as obtained at 0 and 24 h, respectively. Parallel control assays in which the macrophages were treated with medium alone instead of TDM suspension were always included. In some experiments, sets of macrophage cultures subjected to treatment with either TDM or medium alone were incubated with living or glutaraldehyde-fixed flagellates, and the extent of cell-parasite association was determined. The mechanisms of cell-parasite interaction affected by TDM were explored by adding different concentrations of either catalase (Sigma) or metabolic inhibitors such as sodium azide or potassium cyanide to the cultures. These reagents were incorporated either together with or after the removal of the parasites and remained in the system until the termination of the experiment; their concentrations are given below. In all instances, the results are expressed as the number of parasites associated with 100 macrophages and the percentage of macrophages associated with one or more trypanosomes, in terms of the mean ± 1 standard deviation.
Presentation of results and statistical analysis. All results presented in the tables represent two or more separate experiments with identical protocol. Differences were considered to be significant if P < 0.05, as determined by the Mann-Whitney U test.
RESULTS
Effects of TDM on T. cruzi association with macrophages and subsequent intracellular parasite destruction. Pretreatment of macrophages with TDM caused a marked increase in their ability to associate (i.e., bind and internalize) with untreated trypanosomes (Table 1) . Although a significant effect was obtained after incubating the macrophages with TDM fQr 8 h, a greater enhancement was noted after a 16-h incubation period. For this reason, macrophages were pretreated with TDM for 16 h in all subsequent experiments.
TDM caused both an increase in the numbers of parasites per cell and an elevation in the percentage of infected macrophages (Table 2) removed and the infected cells were incubated for an additional 24 h, the rate of intracellular killing was greater in macrophages that had been pretreated with TDM than in control macrophages treated with medium alone. The enhanced destructive capacity of TDM-treated macrophages was emphasized by the greater reduction in parasite load over a 24-h period, despite the fact that the number of organisms initially present in these cells was larger than that found in medium-treated macrophages. In this experiment, we also compared the effezts of treating macrophages with TDM before and after exposing themn to the parasites. Increased parasite destruction was not seen when macrophages were treated with TDM after being exposed to the flagellates. In experiments in which identical samples of a trypomastigote suspension were incubated with MEMS containing or lacking TDM (up to 5 ,ug/ml), measurements of parasite concentration taken after 24 and 48 h were comparable (data not shown).
Reversibility of the effect of TDM on macrophages. Macrophage cultures preincubated with TDM were washed and further incubated in fresh medium for various periods of time before being tkposed to the parasites to establish whether the condition resulting in enhanced association with T. cruzi was long lasting. The results (Table 3) showed that TtDMtreated macrophages behaved again as untreated macrophages 4 h after the removal of TDM from the cultures.
Possible mechanisms whereby TDM enhanced killing of T. cruzi by macrophages. The possibility that TDM increased macrophage uptake and destruction of T. cruzi by promoting production of intermediate products of the reduction of molecular oxygen was examined by using inhibitors of peroxidase activity, such as potassium cyanide and sodium azide, and catalase, a scavenger of hydrogen peroxide. The reduced ability of medium-treated macrophages to destroy trypanosomes over a 24-h period in the presence of either sodium azide or potassium cyanide was of borderline statistical significance (Table 4) . Instead, these reagents were ineffective in altering the rate of parasite killing within TDMtreated macrophages, whether these reagents were added to the cultures after the removal of the parasites (Table 4) or at the time of addition of the parasites (data not shown). The addition of catalase had no effect on the abilities of mediumand TDM-treated macrophages to kill the parasites, even when the enzyme was preseht at concentrations much greater than those shown by other investigators to be effective in inhibiting killing of other microorganisms by phagocytes (13, 15) (Table 5 ). Although Table 5 shows results obtained with up to 4,000 U of catalase, essentially the same findings were made in three repeated experiments in which up to 32,000 U of the enzyme was used (data not shown).
Comparison of the effects of TDM on macrophage association with live and dead blood forms of T. cruzi. To establish whether TDM enhanced macrophage interaction with T. cruzi by stimulating phagocytosis or by rendering the macrophages more susceptible to penetration by the trypanosomes, experiments were conducted in which live and fixed trypomastigotes, as well as latex beads, were used in the macrophage-parasite association assay. The results (Table 6) revealed that the dead flagellates were more readily taken up by macrophages than were the living ones whether mediumtreated or TDM-treated cells were used. Additionally, TDM enhanced the uptake of both dead organisms and latex particles.
DISCUSSION
These results show that TDM, which enhances host resistance against T. cruzi infection in the mouse model system, enhances the ability of macrophages to associate with (i.e., bind to and take up) and kill virulent blood forms of T. cruzi. This was documented by the significant increase in the number of parasites associated with TDM-treated macrophages and the greater decrease in the number of organisms remaining in these cells 24 h later with respect to the values obtained with macrophages treated with medium alone. The noted differences were consistently observed Finally, the facts that TDM also enhanced phagocytosis of dead parasites and that the fixed organisms were more readily taken up than the living ones (Table 6 ) suggest the unlikelihood that TDM renders macrophages more susceptible to trypanosome invasion. Therefore, a major effect of TDM could be to stimulate phagocytosis. Alternatively, it could be inferred from the relatively rapid decay in the TDM-induced effects on phagocytosis once TDM is removed that the actual presence of TDM on the macrophage surface enhanced binding and phagocytosis. The rapid turnover of macrophage membrane components might bring about the loss of surface-bound TDM. Additional work is required to explain the intriguing observation of greater uptake of killed trypanosomes, which implies an ability of the living flagellates to partially elude phagocytosis.
Collectively, the present results highlight the capacity of TDM to induce macrophage activation in terms of increased association with and subsequent killing of an intracellular parasite. The noted effects of TDM on macrophage activity 
